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Summary
Insulin-like growth factor-1 (IGF-1) plays a key role in regulation of chondrocyte metabolism. We examined the localization of 
IGF-1 binding sites on chondrocytes in cartilage from normal and experimentally induced arthritic mouse knee joints. Cryostat 
sections from patellar cartilage were incubated either with IGF-1 receptor antibody or biotinylated IGF-1. Subsequently confocal 
laser scanning microscopy was applied to compare the two staining procedures qualitatively and quantitatively. This approach 
allowed detailed analysis of membrane-associated and intracellular staining. Using IGF-1 receptor antibody, IGF-1 receptors 
were found on the cell membrane of chondrocytes in the middle and deeper cartilage zones, whereas intracellular staining was 
highest in chondrocytes of superficial zones. After incubation with biotinylated IGF-1, distinct membrane staining was not 
present and fluorescence was localized homogeneously in the middle and deeper zones but not in superficial zones. In cartilage 
from inflamed knee joints staining with the use of IGF-'l receptor antibody did not change significantly, whereas a pronounced 
increase in staining was noted with biotinylated IGF-1 in chondrocytes of the middle and deeper zones of cartilage.
It is concluded that the staining patterns obtained with the use of IGF-1 receptor antibody and biotinylated IGF-1 are 
remarkably different, suggesting that the latter also detects IGF-binding proteins. The results suggest that joint inflammation 
has no consistent effect on IGF-1 receptor expression but may induce a significant upregulation of IGF-binding proteins in 
chondrocytes of the middle and deeper zones of cartilage.
Introduction
Articular cartilage is a highly specialized connective tis­
sue, consisting of chondrocytes embedded in an extensive 
extracellular matrix of collagen and proteoglycans (Hard- 
ingham & Bayliss, 1990; Hardingham et al, 1992a). Chon­
drocytes keep the equilibrium between synthesis and 
degradation of matrix molecules and maintain the integ­
rity of the matrix (Hardingham et a l, 1992b).
Biosynthetic function of chondrocytes is regulated by
interactions between circulating and locally produced 
growth factors (Osborn et a l, 1989; Isaksson et a l, 1991). 
Insulin-like growth factor-1 (IGF-1) is an important ana^ 
bolic stimulus that regulates chondrocyte biosynthesis 
by binding to the IGF-1 type 1 receptor (Hascall et al., 
1983; McQuillan et al., '1986; Luyten et a l, 1988; Trippel
*To whom correspondence and reprint requests should be addressed.
et a l, 1988; Le Roith & Raizada, 1989; Schalkwijk et al., 
1989a; Tyler, 1989; Rechler & Nissley, 1990; Baumick & 
Bala, 1991; Neely et a l, 1991). Compelling evidence 
exists that destruction of the articular cartilage during 
joint inflammation results at least in part from a lack of 
anabolic signalling (Schalkwijk et a l, 1989a, b; Van den 
Berg et a l, 1989; Verschure et a i, 1994a, b). Therefore, 
analysis of IGF-1 receptor expression may give valuable 
information about the chondrocyte biosynthetic func­
tion (Ullrich et a l, 1986),
Expression of IGF-1 receptors has been studied exten­
sively in various tissues after incubation with radio­
labelled IGF-1 followed by autoradiography (Lesniak et 
a l, 1988; Adem et a l, 1989; Chin et a l, 1994). However, 
there is increasing evidence that chondrocytes also ex­
press substantial amounts of IGF-binding proteins 
(IGFBPs) (Tesch et al., 1992; Baxter, 1993), which flaws
the relevance of data obtained from studies concerning
0018-2214 © 1996 Chapman & Hall
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ligand binding. A Ho ’'native approaches to analyse re­
ceptor expression are the isolation of cells and sub­
sequent examination of receptors and binding proteins 
with Scatchard analysis and affinity cross-linking 
(Watanabe et a l, 1985; Schalch et a l, 1986; Trippel et a l, 
1988; Jansen et al., 1989). Apart from potential shifts in 
receptor expression related to isolation and culture pro­
cedures, the latter techniques give at best an overall 
impression of receptors in a particular tissue and do not 
allow for a detailed analysis of site-specific expression.
In the present study, we examined the localization of 
IGF-1 binding sites on chondrocytes in cartilage from 
normal and inflamed knee joints. We used bothbiotiny- 
lated IGF-1 and an antibody against the extracellular,
ligand-binding a-subunit of the IGF-1 receptor. There­
fore, cryostat sections were taken from patellar cartilage 
of normal mice and mice with experimentally induced 
arthritis. Confocal laser scanning microscopy was ap­
plied to compare the two staining procedures both 
qualitatively and quantitatively (Verschure et al, 
1994c). This approach also allows for detailed analysis 
of membrane-associated and intracellular staining. 
Since it is known that the metabolism of chondrocytes 
may vary considerably in different cartilage areas 
(Sampson & Cannon, 1986; Siczkowski & Watt, 1990; 
Aydelotte & Keuttner, 1991), IGF-1 binding sites were 
analysed in superficial, middle and deep zones of the 
patellar cartilage.
Materials and methods
Animals
Sexually mature female C57 black/6 mice (8-12 weeks old, 
20-25 g) were used. The animals were kept under routine 
laboratory condition (21-22°C, relative humidity 60% and a 
12 h light-dark cycle). The mice were fed a standard commer­
cial pellet diet (RHM, Hope Farms, The Netherlands) and 
given acidified tap water ad libitum.
Arthritis induction and determination 
Arthritis wasinducedin mouse knee joints by in tra-articular 
injection of yeast particles. To this end right knee joints were 
injected intra-articularly with 180 jag sterilized zymosan 
(Sigma, St. Louis, MO, USA), in pyrogen-free saline. This 
experimental arthritis model is characterized by the develop­
ment of an exudate in the early phase (day 1-3) containing 
large amounts of polymorphonuclear cells in the joint space, 
a loss of cartilage proteoglycans (PGs) and inhibition of chon­
drocyte PG synthesis. Inflammation subsides within a week 
and, because the damage to cartilage is reversible, the matrix 
is repaired afterwards (Van den Berg et al, 1981,1982; Schalk- 
wijk et al, 1989b). Joint inflammation was determined two 
days after induction of arthritis by evaluating histological 
sections stained with Haematoxylin-Eosin as well as with 
Safranin O-Fast Green (Fig. 1). Safranin O is a metachroma tic 
dye that stains PGs in cartilage.
Preparation of tissues
Mice were killed by cervical dislocation and whole patellae 
were dissected from knee joints. Patellar ligaments were cut, 
leaving the cartilage fully intact (Van den Berg et al, 1981). The 
patellae were embedded in an aqueous solution of 8% gelatin 
white (Sigma) frozen in liquid nitrogen and kept at-80°C until 
sectioning (Altman, 1987).
Preparation of cryostat sections
Sections (7 \im thick) of fresh undecalcified mouse patallae 
were cut in the sagital plane on a motor-driven Bright cryostat 
fitted with a tungsten carbide-tipped knife at a cabinet tern- 
perature of -25°C (Johnstone et al, 1972; Pearse & Gardner, 
1972) and attached to adhesive tape (Scotch tape 800,3M, St, 
Paul, MN, USA) (Rijntjes et al, 1979; Van Noorden & Vogels, 
1986). Sections were kept over silica gel and stored at -25°C 
until further use.
Immunohistochemistry
Cryostat sections were fixed for 10 min in 4% (w/v) parafor­
maldehyde (Sigma), dissolved in phosphate-buffered saline 
(PBS) pH 7.4, and subsequently washed in PBS containing 
10% (w/v) bovine serum albumin (BSA; Sigma, St. Louis, MO, 
USA), 10% (w/v) gelatin and 0,3% (w/v) glycine (Pharmacia, 
Upsala, Sweden). Sections were incubated for 30 min at 37°C 
in a solution of 2 mg mL1 testicular hyaluronidase (Sigma) 
dissolved in PBS to obtain a better penetration of antibodies 
into the cartilage matrix. Subsequently, sections were rinsed 
in PBS and finally treated with 10% (w/v) fetal calf serum and 
1% (w/v) BSA in PBS for 30 min to block aspecific binding. 
Thereafter, sections were incubated for 24 h at 4°C either with 
primary antibody, or biotinylated IGF-1 (as listed in Table 1)
at concentrations of 5 jig ml and 10 |ig m l'1, respectively, 
in PBS containing 1% BSA (UBI, New York, USA). Primary 
rabbit polyclonal antibody is directed against the extracellular 
a-subunit of human IGF-1 type 1 receptor and shows cross­
reactivity with mouse IGF-1 type 1 receptor (Rosenzweig et 
al, 1990; Oemar et al, 1991). Recombinant human IGF-1 (Boe- 
hriftger Mannheim, Germany) was conjugated to bio tin. After 
incubation with the primary antibody or biotinylated IGF-1, 
the slides were washed three times in PBS, Sections that were 
incubated with antibody were subjected to a three-step imrnu-
Fig. 1. Histological changes after induction of arthritis in mouse knee joints. Sections were stained with Haematoxylin-Eosin 
(A, B, C, D) or Safranin O-Fast Green (E, F). The experimental arthritis 2 days after induction is characterized by large thickening 
of the synovial lining, a polymorphonuclear cell-rich infíltrate in the joint space as well as loss of proteoglycans in the upper 
cartilage layer. P=patella; F=femur, *=joint space, arrow=synovial lining. Microscope image of sections stained with Haema- 
toxylin-Eosin of a contralateral control joint (A, C) (magnification (A) xlO; (C) x20) as well as of an arthritic knee joint (B, D) 
(magnification (B) xlO; (D) x20). Microscope image of a Safranin O-stained section of control joint (E) (magnification x20) as 
well as of an arthritic knee joint (F) (magnification x20).
15
■ #
&
•-:••-kO
>;V>
V?/:
ßfV;
''tyfsW
\ < ^  A-¿»v LTr< n ’XTTt OOï -^*.-i,/<' «* :•
16 VERSCHURE et al.
e Primary incubations in this study with biotinylated IGF-1 and the respective controls used
v" " m ï " , ' ,iTiifi"ni-iiiiiim iv n r  i"r" i) <n.fr »in nnLmri>Tr nnntia, i-nnn )■■<■ ■;iTii'ftmi''<'iriPTiKiK.iunin>ny,^ w*'»MMin'<»-¥iiiiniY«n>.iri»t<1w ¡»ft I »* mw M a  UtmMi
Isoelectric weiL
Biotinylated IGF-1
X*
Biotinylated BSAS
Biotinylated cytochrome C
a ted lysozyme
Biotiny lated myoglobulin
;  • /  o
o 5
4,
.As V>-S fi
urn
1 1 . 0
8,5
7.5
67.0
12.0
1.5
* '■W<l
«tum»« »■iwM i r w w a t t t w w w i i i r r t Miw m iMM f i f »»W«f«nr rfiitmiifnTii« l lU L iì l--------------- I ■ ■ ■i -i irmnii- i'ril n f ìii.K»»»W
nostaining procedure, i.e. incubated with î goat
anti-rabbit secondary antibody (Vector Laboratories, Burlin­
game, USA) for 1 h at a dilution of 1: 500 in. PBS containing 
BSA and 1 % normal mouse serum, whereas sections that were 
incubated with biotinylated IGF-1 were incubated in a two-
chondrocytes in each of two serial cryostat sections. The 
chondrocytes were randomly selected 
direction with the use of an eyepiece 
optical cross-section of each
D immur taining procedure. Biotin was demonstrated by 
exposing sections to streptavidin-FITC (fluorescein isothiocy-
and on. optical disc for
lai
was selected
ana a
•V 0 i
concentration of 40 jig m P in PBS and sub- 
y mounted in glycerol phenylenediamine solution 
to avoid fading of fluorescence. As a control for
antibody staining, sections were incubated 
wi th non-immune rabbit serum or in the absence
analysis using standard ■ 
ware. Fluorescence intensity was 
by area measurement. A window 
drocyte periphery and over the part of the
rims of the windows
antibody. As a control for biotinylated IGF-1 staining, sections The area of the whole of the
were either treated, with biotinylated irrelevant proteins, hav- 
similar isoelectric points and molecular weights as biot­
inylated IGF-1, or preincubated with a 100-fold excess
1 . in Table 1) the same
dilution as for the primary antibody or biotinylated IGF-1 
were used. Sections were kept at -25°C until evaluation with 
the use of confocal laser scanning microscopy.
escence conk microscopy image
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Sections were examined with a Leica confocal microscope 
attached to a Leica Fiuovert microscope, equipped with a PL
o 1.40 oiTirnmersion ective. For excitation of FITC
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image (Wilson, 1989). With
the 488 nm line of an Argon Krypton laser was used, fitted 
with a 510 nm dichroic mirror and a 530 nm band pass filter. 
The pinhole aperture was set at 100, yielding an optimized
pinhole, filter combination 
and a laser power setting adjusted to give .minimal fading, the 
photomultiplier gain and photometric offset were optimized. 
These settings were rigorously maintained within each ex­
periment. Imnrunolabelled cryostat sections were subjected to
ioning, providing images in the X-Y plane, 
sections were recorded with intervals of 0.5Images of o
jim in the Z direction. For analysis, each optical section was
eight times. Images were recorded in a 512 x 512avera
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Drmat. The size of each pixel represented 0.015 u.m."' in
the object.
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lated IGF-1 stainin'? was mainly found in chondrocytes
in the middle and deeper zones of cartilage, while chon-
in the surface zones displayed only low levels
(Fig. 3B, Table 2)
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was set over the chondrocyte periphery and over the
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lieh intensities on
or deeper zones 5A) and. significantly
lower values in cells in the superficial layer. Moreover /
intensity
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b a However
measured
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s was low both at the membrane and
in chondrocytes. In all cartilage layers 
fluorescence was at a similar level. No 
significant variations in background fluorescence were 
observed between individual experiments.
Staining with bio tiny la ted IGF-1 was localized dif­
fusely over the chondrocytes and was present in some 
strongly reactive dots. Therefore, proper analysis of
and. intracellular fluorés
cence was not possible and therefore measurements 
were performed per cell (Fig. 5B). Biotinylated IGF-1
staining resulted in high levels of fluorescence in chon­
drocytes in the middle and deeper zones. In the surface 
zones only low levels similar to background fluores­
cence were measured.
ARTHRITIC A R T IC U L A R  CARTILAGE
In addition, we ana staining patterns in arthritic
cartilage 2 days after induction of joint inflammation..
ire 1 shows the ’histological changes observed 2
after induction of arthritis. The experimental arthritis at Fig. 4. Four consecutive optical sections of a chondrocyte
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ing of the synovial lining, a 
rich, infiltrate in the joint space as well as loss of PGs in
the upper cartilage layer. After staining with aIGF-1
morphonudear cell- after staining with a polyclonal antibody against the a~
subunit of the receptor (A) or after staining with biotinylated
receptor a the fluorescence pattern resembled
the immunoreactivity as observed in normal, cartilage
. However, staining with biotinylated IGF-1 
showed that chondrocytes in the middle and deeper 
layers of cartilage from arthritic joints displayed a strik-
higher fluorescence intensity than observed in.
IGF-1 (B). Intracellular staining was higher when using biot-
IGF-1 than when using aIGF-1 receptor antibdoy. 
The chondrocyte membrane contained large amounts of IGF- 
1 receptor but intracellular staining was weak. Bars = 4 |im.
in
s urface zone of arthritic cartilage exhibited the same low 
fluorescence levels as in control cartilage.
normal car e (Fig. 6, Table 2). a amounts of
fluorescence were found directly below the cell mem­
brane of cells. Quantification of fluorescence intensities 
revealed the difference between control and arthritic
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IGF-1 plays a key role in regulation of
cartilage to be significant (Fig. 7). Chondrocytes in the biosynthetic functions (Hascall et a l, 1983;
receptors in mouse1 cartilage
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cartilage from normal and arthritic mouse knee joints. Grading:-, fouorescence intensity similar to background fluorescence, 4-, weak fluorescence 
signal; ++- .marked fluorescence intensity; +4*+, bright fluorescence signal.
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1989b). This lack of anabolic lar localization. Moreover, this divergence in staining is 
stimulation during joint inflammation may contribute even more apparent when the joints are inflamed. An 
to cartilage destruction. In the present study, we have upregulation of IGF-1 binding sites was found with
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might become important under condi
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of human cartilage expiants with serum., chondrocytes 
show a markedly enhanced PG synthesis, mainly in the
surface zone (Meachim et al., 1965; Lafeber et a l, '1992,
cific fluorescence was assessed in images of chondrocytes 
incubated with biotinylated, irrelevant proteins. The results 
are expressed as a p ercentage of measurements in normal
. ★, mean value is sginificantly dif­
ferent from the mean value in normal cartilage (p=
this shift in metabolic activity coincides with a independent experiements, including five patellae in each
on the group
IGF-1 receptors in mouse cartilage
bind IGF-1 with high affinity and sequester them away 
from the receptor, or can present IGF-1 via the 
IGF-IGFBP complex to the receptor, improving recep­
tor interaction. The agnostic or antagonistic nature of 
IGFBP modulation of IGF-1 biological function de­
pends on the distinct property of each IGFBP. More" 
over, chondrocytes from osteoarthritic cartilage were 
found to exhibit increased IGF-1 binding, higher levels 
of IGF-binding proteins and abundant staining for IGF- 
1 receptor, which suggests a defect IGF-1 bioavailability 
and IGF-1 anabolic action (Dore et ah, 1994). However, 
in contrast to chondrocytes from inflamed knee joints, 
chondrocytes from osteoarthritic cartilage show a 
markedly enhanced proteogylcan synthesis. Moreover, 
in osteoarthritic cartilage, loss of the superficial layer 
and attempts to repair often disturb clear recognition of 
the various cartilage zones and hampers straightfor­
ward interpretation (Byers et a l, 1977; Middleton & 
Tyler, 1992; Lafeber et a l, 1993).
In conclusion, we have shown clear differences in 
staining after incubation with either aIGF-1 receptor 
antibody or biotinylated IGF-1 in cartilage of normal 
and experimentally induced arthritic knee joints. Chon­
drocyte cell surface and intracelullar receptor staining 
in chondrocytes in the different cartilage layers could
be visualized and quantified with the use of aIGF-1 
receptor antibody. The presence of cell surface receptors 
might reflect bioactivity of chondrocytes, whereas the 
intracellular pool may become available under 
(patho)physiological conditions. In arthritic cartilage, 
higher amounts of intracellular biotinylated IGF-1- 
binding was observed, whereas similar amounts and 
distribution patterns of IGF-1 receptor were found as in 
normal and arthritic cartilage.
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